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論 文 内 容 要 旨 
 
[Introduction] 
Geometrical structures of atomic and molecular clusters are important for understanding their physical 
and chemical properties. Ion mobility spectrometry (IMS) is a powerful method to investigate structures of 
clusters in gas phase. This method measures a collision cross section (CCS) of a cluster ion with a buffer 
gas molecule. The structure of the cluster can then be assigned by analyzing the CCS which is averaged 
over all orientations. In this study, the structures of several cluster ions, such as transition metal oxide (V, 
Cr and Ti) cluster ions and carbon cluster ions, were assigned by IMS, and coexistence of structural 
isomers was also observed in some cases. Additionally, isomer-separated photodissociation experiments 
were applied to carbon and silicon cluster ions. These structural and reaction studies of clusters are 
expected to lead to creating nano-materials of their bulk properties like catalyst, semiconductor, and so on.  
 
[Experimental and calculation method] 
Metal oxide cluster ions were generated by combination of laser vaporization with solid metal surface 
and the supersonic expansion with 5 % O2-mixed He carrier gas. In the same way, carbon and silicon 
cluster ions were generated with pure He carrier gas. Generated cluster ions were injected into an ‘ion drift 
cell’ which contained He buffer gas inside. In the ion drift cell, the injected ions flew with a constant ‘drift 
velocity’ due to collisions with He atoms under an applied electrostatic field. Since the drift velocity is 
inversely proportional to the CCS of the ion with He, experimental CCSs of the ions could be estimated 
from the measurement of the time that the ions spent in the cell. Also, structural isomers can be separated 
spatially in this cell. After exiting the ion drift cell, ions were reaccelerated and mass-analyzed by a 
time-of-flight mass spectrometer. In the photodissociation experiment, isomer-separated ions were 
irradiated with ultra-violet laser (266 nm) light on the way to the detector. Their fragment ions were 
mass-analyzed by reflectron electrodes before detection. 
Geometrical structures of cluster ions were calculated with quantum chemical calculations. Theoretical 
CCSs of these optimized structures were estimated by MOBCAL program developed by Jarrold and his 
coworkers. Projection approximation (PA) method, which is one of the CCS calculation methods in 
MOBCAL program, was mainly used. Since this method requires hard sphere atomic radii of atoms in the 
clusters, radii of metal and oxygen atoms were determined so that theoretical and experimental CCSs of a 
specific sized cluster, whose structure was already predicted by previous studies, coincide with each other. 
Using the atomic radii thus determined, the cluster structures with a given size range were assigned by 
comparisons between theoretical and experimental CCSs.
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[Results and discussion] 
In the section 6, the structures of early first-raw transition metal oxide (V, Cr and Ti) clusters were 
assigned by the comparisons between experimental and theoretical CCSs. All of three metal oxide clusters 
were assigned with three dimensional structures from small size m = 4 to the largest size m = 60. 
First, in the case of vanadium oxide cluster ions, (V2O5)m/2+/− compositions were predominantly 
observed with the size range m = 2-60 in the mass spectra. This composition corresponds to the most 
stable bulk composition, in which vanadium has fully oxidized +5 state. The structures of vanadium 
oxide cluster cations, (V2O5)m/2+, were assigned with polygonal prism structures for m = 2, 6-10 and 
polyhedral structures for m = 4, 12-60 (figures 1 and 2). As shown in figure 1, a polyhedral structure of 
V60O150 had a fullerene-like framework structure consisting of 60 vanadium atoms. All other polyhedral 
structures assigned for less than m = 60 also had fullerene-like hollow structures. Since it was known that 
hollow cage nano-particles of V2O5 were found and generated in liquid and gas phase [6], fullerene-like 
hollow structures found in this study could be the smallest system of these nano-particles. In contrast to the 
cations, theoretical CCSs of polyhedral structures for anions had larger values than experiment due to 
structural transition found between m = 10 and 12. 
Next, in the case of chromium oxide cluster anions, CrmOn− (m = 1-7), no specific compositions were 
observed in the mass spectra. The compositions with wide range of the number of oxygen atoms were 
observed in the each Crm series, like CrmO2m+2− to 
CrmO3m−. This observation is related to the fact that 
chromium could have a wide range of oxidation states 
from +3 to +6. The structures of CrmO2m+2− series were 
assigned as 3D structures like vanadium oxide clusters, 
and those of CrmO3m− series were monocyclic (m = 3-5) 
and bicyclical structures (m = 6-7). The gradual 
structural change was found from 3D structures of 
CrmO2m+2− to cyclic structures of CrmO3m− with 
increasing oxygen atoms in the same Crm series. 
Additionally, the ion intensity of CrmO3m− series 
became weak with increasing cluster size m, and 
finally this series vanished for m ≥ 9. It was concluded 
that +6 oxidation state of the chromium atom became 
unstable in the clusters for m ≥ 9, which is consistent 
with the bulk. 
Figure 1. Optimized structures of (a) polygonal 
prism of V30O75 and (b) polyhedron of V60O150 
Figure 2. Experimental and theoretical CCS plot of 
vanadium oxide cluster cations of (V2O5)m/2+ 
composition 
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Finally, in the case of titanium oxide cluster ions, TimOn+/− (m = 1-7), the compositions of TimO2m+ and 
TimO2m+1− were mainly observed. Their structures were assigned with similar structures as vanadium and 
chromium oxide clusters for small sizes m = 1-4, but for m = 5-7 were assigned with more complicated 
structures than the other two metal oxide clusters. Theoretical CCSs were calculated by PA and trajectory 
method in MOBCAL program, and discussed the comparisons. From the collision induced dissociation 
experiments at the inlet of the cell, TimO2m-1+ and TimO2m− were predominantly observed up to the size 
around m = 40. In this composition, oxidation state of titanium atom corresponds to the fully oxidized +4 
state, which is the same as the stable state in bulk and in nano-particles. 
 
In the section 7, the results of isomer-separated photodissociation experiments applied for carbon and 
silicon cluster cations were summarized. The carbon and silicon cluster isomers were separated with 
medium pressure condition in which sufficient intensity of the ions was available. From cyclic structures of 
carbon cluster, C3-loss was observed selectively. Also, C2-loss was selectively observed from fullerene 
isomers. It was found that C30+ was the smallest fragment ions from the C2-loss. The size of C30 
corresponds to the smallest size of observed fullerene isomers in this IMS measurement. Thus, it was 
concluded that these fragment ions should have also fullerene structures.  
On the other hand, the branching ratio of Si10-loss and fragments of Si6-11+ were compared for the 
photodissociations from prolate and spherical isomers of silicon cluster cations with the size Si24-27+. 
Although Si10-loss seemed to be observed a bit more from prolate isomers, the difference was small. It was 
concluded that silicon cluster cations may be isomerized by the photoexcitation and dissociate with the 
same path. 
 
In the section 8, the results of the IMS measurement of giant carbon cluster cations were summarized. 
From the analysis of the masses and CCSs observed in the IM-MS measurement, newly observed signals 
of more-compact structures than those of fullerene-type ions were assigned as singly- and doubly-charged 
carbon nano-ONIONs (figure 3). From the insight 
of volume estimation from their CCSs, the growth 
pattern of nano-ONIONs was deduced: The inner 
shell increases with 2 carbon atoms during outer 
shell increase with 10 atoms. It can be concluded 
that it was first clear observation of nano-ONIONs 
in the mass spectrum and IMS measurement. 
 Figure 3. Measured 2D plot of arrival time v.s. number of 

















酸化バナジウムクラスターイオンについては，(V 2 O 5 ) m/2 +/−の組成が安定に観測され，これらの
構造を多角柱構造や多面体構造であると同定し，正イオンについては m = 60 まで多面体構造で同
定された。  
 酸化クロムクラスター負イオンでは，Cr m O 2m+2 −から(CrO 3 ) m −といった酸素数が異なる組成が広
範に観測された。これらの構造を m = 7 まで多角柱構造及び環状構造によって同定した。 
 酸化チタンクラスターイオンでは，(TiO 2 ) m +/−の組成を中心に，m ≤ 4 では，上記二金属と同様
な構造が，m ≥ 5 ではより複雑な構造が同定された。  
 第七章では，炭素，ケイ素クラスター正イオンの異性体選択光解離実験の結果を記述した。 
 第八章では，炭素クラスター正イオン C m +について m = 100-600 のサイズ領域でイオン移動度
分析を行い，フラーレン構造よりもコンパクトな異性体が炭素ナノオニオンである可能性を論じ
た。 
以上の成果は，気相金属酸化物クラスターおよび半導体元素クラスターのイオン構造に関する
研究に新たな知見を与えるものである。また同時に，本人が自立して研究活動を行うために必要
な高度の研究能力と学識を有することを示している。ゆえに，森山遼一提出の博士論文は博士(理
学)の学位論文として合格と認める。  
 
 
 
 
 
 
 
